Introduction {#Sec1}
============

From the viewpoint of biomechanics and safety, corneas undergoing refractive surgery must maintain a stable shape and avoid postsurgical biomechanical decompensation, which may result in an unsatisfactory visual recovery and complications^[@CR1],[@CR2]^. The progress of refractive surgery from radial keratotomy (RK) using a diamond knife^[@CR3]^ to automated lamellar keratoplasty using a mircrokeratome, photorefractive keratectomy (PRK), laser-assisted subepithelial keratectomy (LASEK), laser-assisted *in situ* keratomileusis (LASIK), refractive lenticule extraction, and small incision lenticule extraction (SMILE) using excimer lasers or femtosecond lasers has increased the precision and safety of the method^[@CR1]^. In addition, the increasing knowledge of corneal biomechanics has contributed to both promising results and increasing postsurgical safety. However, iatrogenic corneal ectasia remains the most feared scenario that can occur after an uneventful corneal laser surgery, although a reduction in its incidence from 4% to 2.8% has been reported following LASIK, PRK, or other corneal refractive procedures^[@CR4]^. Risk factors for iatrogenic corneal ectasia include thin corneas (\<500 µm), a pathological corneal topography, a residual stromal bed of \<300 µm, high myopia of \<−8 D, age of \<25 years (in females), atopic dermatitis, allergies, family history for keratoconus and collagen diseases, and retreatments^[@CR5]^. In severe cases, a penetrating keratoplasty or a deep anterior lamellar graft is necessary^[@CR6]^.

For safety, ideal refractive surgery aims to maintain a stable response of central flattening and peripheral steepening in a stiff cornea preoperatively and postoperatively^[@CR7]^. Therefore, corneal biomechanics must be measured correctly to prevent adverse events after surgery. Currently, two devices are available for measuring some biomechanical properties and providing a clinical assessment of corneal deformation response, namely the Corvis^®^ ST (Oculus Inc., Berlin, Germany) and ocular response analyser (ORA; Reichert Inc., Depew, NY). However, both these devices cannot accurately predict the possibility of iatrogenic ectasia before surgery^[@CR7],[@CR8]^. Furthermore, modern laser refractive surgical procedures alter the corneal lamellae or collagen fibres by laser ablation or disruption. These procedures differ from the incisions in corneas made during RK; thus, different responses of corneal biomechanics result from modern laser refractive surgical procedures. Accordingly, complaints of glare, halo effect, fluctuating vision, corneal fragility during trauma, and a progressive hyperopic change might differ among these surgical procedures when assessed in a long-term follow-up after surgery^[@CR9]^. A preoperative study of corneal biomechanics is necessary for preventing complications and iatrogenic ectasia. Furthermore, the biomechanical parameters of the cornea include a function of the intraocular pressure (IOP) and the stiffness of the sclera^[@CR10]^ because IOP measurements with applanation tonometry are not valid once the corneal structure is altered^[@CR7],[@CR11]^. Furthermore, patient-specific numerical determination^[@CR12]^ is a crucial safety concern for patients who seek surgery. Ariza-Gracia *et al*. reported that the noncontact tonometry test is not sufficient to evaluate the individual mechanical properties and a complete *in vivo* characterization of the preoperative cornea, in which the anterior cornea presents compression in a range of 0--0.4 MPa individually^[@CR13]^. Other *ex vivo* measurements with a numerical-experimental protocol, which include biaxial tension and bending experiments, should be used to calibrate corneal mechanical properties individually^[@CR14],[@CR15]^. Furthermore, measuring the entire shape of the cornea^[@CR16],[@CR17]^ instead of the apical displacements, with an *in vivo* biomechanical analyser is indispensable for this purpose^[@CR18]^, because the limbus stiffness is 47.3% lower than that of the central cornea.

In current study, we applied the finite element method^[@CR13],[@CR19],[@CR20]^ (FEM) and the Goldmann applanation principle^[@CR21]^ to simulate the biomechanical responses in corneal layer structures having undergone RK, PRK, LASIK^[@CR22],[@CR23]^, and SMILE^[@CR24]^. The material behaviours of corneas were regarded as nearly incompressible anisotropic hyperelastic behaviours, as described in previous constitutive models^[@CR23],[@CR25]--[@CR27]^, and the biomechanical behaviours of corneas that underwent refractive surgeries were authenticated through considerations of geometry^[@CR28],[@CR29]^, boundary conditions^[@CR20],[@CR30]^, and mesh analysis^[@CR13],[@CR31],[@CR32]^. The simulated corneal deformation and created stress maps^[@CR33],[@CR34]^, when the corneas were subjected to the influence of IOP and applanation pressure (IOP~a~), were based on the basis of previously reported Young's moduli of layered corneal structures^[@CR28]^. Finally, the analyses of stresses and displacements were compared with previous simulations^[@CR21],[@CR24],[@CR35],[@CR36]^ and experiments^[@CR37]--[@CR39]^. Our results indicated that the major hoop stress acts on the circumference and parallel to the length of the cornea, which results in tensile stress in the meridian directions. Different potential creak zones were noted in the layers of corneas that had undergone refractive surgical procedures and had been subjected to eye rubbing conditions.

Results {#Sec2}
=======

Corneal shape changes and hoop stress distribution {#Sec3}
--------------------------------------------------

Based on our FEM models, the simulations of the changes of corneal shape and hoop stress distribution associated with the four refractive surgical procedures (5D) are illustrated in Figs [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}. For RK, because of the combined effects of IOP and the changes in corneal integrity, the midperipheral cornea was deformed outwardly (575 µm elevation from the surface of the preoperative cornea) to a greater extent than were other parts of the cornea, as illustrated in Fig. [1a](#Fig1){ref-type="fig"}; however, the central cornea showed less displacement. For PRK, because the superficially central stroma and Bowman's membrane were ablated, the inner pressure pushed the central cornea outwards, as shown in Fig. [1b](#Fig1){ref-type="fig"}. The deformation patterns observed from LASIK and SMILE models (Fig. [1b and c](#Fig1){ref-type="fig"}) were similar to those of PRK (Fig. [1b](#Fig1){ref-type="fig"}), and the maximum displacement occurred at the central cornea.Figure 1Simulated displacements in corneal shape on the surface resulting from the four refractive surgical procedures at a normal IOP of 15 mmHg. The dark-red areas involve maximum displacements (\>0.5 mm) outwards (body expansion), and the dark-blue areas involve zero displacement near the constrained boundary of the models. The "preoperative surface" is displacement of the normal cornea (from Fig. [10a](#Fig10){ref-type="fig"}). (**a**) RK: maximum displacements located at middle incisions; (**b**) PRK: maximum displacement at central cornea; and (**c**) LASIK and (**d**) SMILE: maximum displacements located around the central cornea (Unit: mm). Figure 2Hoop stress distribution, $\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{\sigma }}}_{{\rm{\varphi }}}$$\end{document}$, represents circumferential tension in the tangential direction along the cornea, on the N--T slices of the corneas of the four models under normal (left) and applanation (right) conditions. (**a**) RK: the zone with the negative stress is the compression zone located around the middle of the incision; (**b**) PRK: the highest tension is near the edge of the ablation and the central bottom area; (**c**) LASIK: the highest stresses are near the edge of ablation (the compression zone is found on the top surface of the ablation, and the zone with the highest tension is near the ablation edge); (**d**) SMILE: the potential ectasia zone is the same as that of LASIK (value of the legend shows tension; unit: kPa).

Figures [2](#Fig2){ref-type="fig"} and [S1](#MOESM1){ref-type="media"} presents the hoop stress, $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$, on the cornea under normal (left) and applanation (right) conditions; the four refractive surgery models with 5D correction are also demonstrated for further analysis. The colour scales in Fig. [2](#Fig2){ref-type="fig"} are identical in these four models. The hoop stress acted on the circumference and parallel to the length of the cornea, describing the tension in the meridian ($\documentclass[12pt]{minimal}
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                \begin{document}$$\varphi $$\end{document}$) direction. Since collagen lamellae in the stroma appear to be close to each other in the inferior--superior (I--S) and nasal--temporal (N--T) directions^[@CR40]--[@CR43]^, the incisions of the RK would loosen or break these fibres (−90%). The negative $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$ (compression) in Fig. [2a](#Fig2){ref-type="fig"} is indicated in the major axis of the midperipheral cornea but positive $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$ (tension) is indicated in the minor axes in Figure [S1a](#MOESM1){ref-type="media"} and [e](#MOESM1){ref-type="media"}. For the PRK model, the apical stress $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$ was 18 kPa, which was slightly less than the 19.62--21.57 kPa stress range from the other simulation model^[@CR38]^. The highest $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$ was located in the central cornea without applanation, and the area of highest stress was located around the ablated edge under applanation, as depicted in Figs [2b](#Fig2){ref-type="fig"} and [S1b](#MOESM1){ref-type="media"}. For the LASIK model, the highest $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$ was located in the stroma and in the Bowman's membrane around the ablated edge, as shown in Figs [2c](#Fig2){ref-type="fig"} and [S1c](#MOESM1){ref-type="media"}. For the SMILE model shown in Fig. [2d](#Fig2){ref-type="fig"}, the apical maximum stress $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$ was 42.2 kPa, which was higher than the 35 kPa predicted by the simulation model of Studer *et al*.^[@CR24]^. The highest $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$ was also located near the ablated edge, and was higher than the stress in the LASIK model, which is compatible with the findings of Roy *et al*.^[@CR35]^. We reason that the flap edge of LASIK interrupts the stress in the Bowman's membrane and decreases the stress in the midperipheral cornea. Thus, the stress is transferred to the minor axis and increases the values as illustrated in Figure [S1c](#MOESM1){ref-type="media"}. Upon applanation, the hoop stress, $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$, in the central cornea decreased because the applanation force bent the central cornea inward, thus compressing the top of the central cornea^[@CR14]^.

First principal stress (FPS) analysis {#Sec4}
-------------------------------------

The FPS analysis of these four models facilitated the investigation of the maximum stresses in corneas subjected to refractive surgical procedures with or without applanation. The FPS is the component of the stress tensors when the basis is rotated to reduce the shear stress component to zero^[@CR44]^. Once the material properties of the layered cornea, particularly the yielding stress and broken stress, are provided, potential damage under high FPS conditions can be predicted as expected. Thus, the cornea under tension might tear perpendicularly to the FPS direction. Accordingly, Figs [3](#Fig3){ref-type="fig"} and [S2](#MOESM1){ref-type="media"} depict the stress distribution associated with a high FPS under normal conditions (left) and under the applanation condition (right). The colour scales in Fig. [3](#Fig3){ref-type="fig"} are the same and indicate FPS values exceeding 30 kPa. The PRK model was observed to have a higher FPS than the other models (i.e., FPS = 50 kPa). In the RK model, the potential creak zones may be near the incisions of the Bowman's membrane as shown in Figures [S2a](#MOESM1){ref-type="media"}. For the PRK model, potential creaks may be located near the ablated zone, as shown in Fig. [3b](#Fig3){ref-type="fig"}. For the LASIK and SMILE models, the high FPS was located in the centre of the ablated zone in the Bowman's membrane, as shown in Figs [3c,d](#Fig3){ref-type="fig"},[S2c](#MOESM1){ref-type="media"}, and [S2d](#MOESM1){ref-type="media"}. Notably, the area of stress distribution of the LASIK model was larger than that of the SMILE model because LASIK involved the creation of a corneal flap. Moreover, the RK stress pattern resembled the LASIK stress pattern because the incisions that were parallel to I--S and N--T directions had little influence on breaking stress and the incisions at 45° exerted effects on the small stress zones.Figure 3High FPS areas (top view showing FPS \>30 kPa) of the four models without (left) and with (right) applanation conditions. (**a**) RK: the zones with the highest stress are associated with the directions of fibres and incisions; (**b**) PRK: the potential creak zone is near the edges of ablation; (**c**) LASIK: the potential creak zone is near the edge of ablation and 45° cracks in radial directions; (**d**) SMILE: the potential creak zone is the same as that of LASIK but the maximum stress is less than that in LASIK (unit: kPa).

The corneal FPS generated by surface traction was applied to simulate these surgery models under rubbing condition. Normal and shear stresses are simply traction vector components, and they are applied to the corneal surface^[@CR45]^. In the simulation, a normal force of 0.122 N and a shear force of 0.08 N were applied. The area of this traction was 22.9 mm^2^ (5.4 mm in diameter), and the given IOP was 31 mmHg. Figure [4](#Fig4){ref-type="fig"} presents the FPS distribution in seven slice sections of the corneas and visualisations of the deformation in these four models. According to the numerical results, the rubbing force increased the corneal FPS values by more than 2.5 times. High FPS areas were observed in the peripheral cornea in the direction of eye rubbing (right side). For RK, a high FPS resulted in a greater deformation around the peripheral incisional ends, as observed on the right side of the model (Fig. [4a](#Fig4){ref-type="fig"}). For PRK, LASIK, and SMILE, the highest FPS areas were found around the ablation and extraction areas because the rubbing force reduced the stresses in the central cornea (Fig. [4b--d](#Fig4){ref-type="fig"}). Figures [S3](#MOESM1){ref-type="media"},[S4](#MOESM1){ref-type="media"} and [S5](#MOESM1){ref-type="media"} provide the detailed stress distributions of $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{r\varphi }$$\end{document}$, which clarify the crack and tear patterns in terms of opening tear, tensional tear, and shear style, respectively.Figure 4FPS on seven slices of the four models subjected to a certain rubbing force. (**a**) FPS in the RK model, showing the potential fractures occurring at the bottom of the incision with a tensional concentration; (**b**) FPS in the PRK model, showing the zone of the potentially tensional tear surrounding the ablation; (**c**) FPS in the LASIK model and (**d**) FPS in the SMILE model. (**c**,**d**) Indicate the high stresses found around the midperipheral cornea and potentially opening creak zones surrounding the ablation.

Simulated intraocular pressures for different refractive surgeries {#Sec5}
------------------------------------------------------------------

Our models could be applied to estimate the difference between an actual IOP and a measured IOP associated with myopia corrections of different D levels. By definition, the actual IOP equals the applanation pressure (IOP~a~), according to the Goldmann applanation principle^[@CR46]^. For the correction of postoperative IOP measurement by air-puff or Goldmann tonometer, a general equation depending on the corneal thickness is given: $\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{IOP}}}_{pach}={\rm{IOP}}(550-{\rm{CCT}})\ast 0.05$$\end{document}$, where CCT is the central corneal thickness^[@CR47]^. However, this equation is not appropriate for eyes that have undergone refractive surgical procedures because the uniformity of the corneal thickness and the properties of corneal material are different from those of eyes without surgery. In the current study, we attempted to determine the IOP~a~ based on our FEM models and the Goldmann applanation principle. Figure [5a](#Fig5){ref-type="fig"} presents a flowchart for the estimation of the IOP~a~, and the IOP~a~ is adjusted to satisfy the force balance with the IOP in a recursive calculation process^[@CR48]^. The criterion of the flowchart is that the sum of the scalar displacements at the central point (Δ~1~ downward) and at the edge of the applanation (Δ~2~ upward) must equal the total height measured from this edge of the applanation to the top central point, as shown in Fig. [5b](#Fig5){ref-type="fig"}. Figure [6a](#Fig6){ref-type="fig"} illustrates the IOP~a~ curves associated with varying D values at an actual IOP (inside) of 15 mmHg. The post-RK cornea was too soft and easily became flattened; hence, the IOP~a~ decreased rapidly and no IOP~a~ could be obtained when myopia of more than 6D was corrected. The trend equation for PRK is IOP~a~ = 13.518--0.3526 \* D−0.0058 \* D^2^ and the IOP(mmHg)=IOP~a~ + 1.482 + 0.3526 \* D + 0.0058 \* D^2^. Accordingly, substituting D = 0 into the first equation yielded an IOP~a~ value of 13.518 mmHg; this indicates that PRK reduced the measured IOP by approximately 1.5 mmHg (15--13.518 = 1.482) initially because the remodelling effect of the Bowman's membrane in PRK broke the stress continuity at the central cornea. The linear term '−0.3526\*D' indicates that the decreasing slope is approximately −0.3526 (assuming that '0.0058 \*D^2^' is small), and this result is less than 0.6, which is the slope of IOP~*pach*~ (0.05 \* 12 μm/D = 0.6/D). The low slope might be attributed to the lack of stiffness of the Bowman's membrane after PRK. The trends for the LASIK and SMILE models were similar, and the fitting equation is IOP~a~ = 15--0.6461 \* D + 0.0148\*D^2^. Thus, IOP (mmHg) = IOP~a~ + 0.6461 \* D − 0.0148\*D^2^. Comparing the intercepts in the LASIK and SMILE models with that in the PRK model, we found that the Bowman's membrane conforms to a bending rigidity and provides constant and enduring rigidity to oppose the applanation force. We applied the LASIK fitting equation and validated our model with the actual and simulated IOP~a~ values from 150 patients who underwent LASIK surgery, as shown in Fig. [6b](#Fig6){ref-type="fig"}; these values agreed with our model. However, we did not have any IOP~a~ data from RK, PRK, and SMILE patients because these cohorts were not present in our hospital.Figure 5(**a**) Flowchart for the calculation of the IOP~a~ and (**b**) criteria of the applanation in the numerical calculation. Figure 6(**a**) Applanation pressure, IOP~a~, associated with myopia corrections of different D levels in the four models at an actual IOP of 15 mmHg and (**b**) applanation pressure, IOP~a~, associated with myopia corrections of different D values from 150 subjects who had undergone LASIK surgery; myopia results were compared to those obtained from simulation with various D levels at the average IOP.

Limitations of the FEM models {#Sec6}
-----------------------------

The equilibrium condition of our models based on the Goldmann's applanation principle was not satisfied at very low and very high IOPs. Under these two conditions, the observed IOP~a~ became less positively correlated with the actual IOP. Figure [7](#Fig7){ref-type="fig"} shows the relationship between the corrected D and IOP~a~ under various IOP conditions, with the actual IOP values inside being assumed to be 7.5, 15, 22.5, and 45 mmHg. The curve corresponding to the low IOP value (7.5 mmHg) demonstrates a nearly constant IOP~a~ in these models, indicating the rigidity of the structural system providing a considerably greater opposing force than the force obtained from the actual IOP^[@CR14]^. By contrast, a high IOP could bend the peripheral cornea outwards and flatten the central cornea, resulting in a low IOP~a~ upon applanation. In all models, the three curves associated with the IOP values of 7.5, 15, and 22.5 mmHg reveal similar trends, but in the RK model, the force balance upon applanation cannot be obtained when the myopia correction is greater than 7D. Furthermore, when the IOP was 45 mmHg, the midperipheral cornea deformed more outwardly and the applanation pressure only bent the ablated cornea in the LASIK and the SMILE models. Thus, the soft cornea after ablation had a low IOP~a~, which resulted in a large reduction in the measured IOP. In addition, the outer corneal radius was assumed to be 7.4 mm without applying any IOP, and when the IOP was increased in these models, the eyeball inflated, thus changing the central corneal radius. In the proposed model, we assumed this radial change was too small and could be neglected (approximately 0.295 mm, which was approximately 2% of the diameter; that small radial change had a negligible effect on the stress distribution). However, because of this assumption, the central cornea became slightly steeper (reducing radius), which resulted in an increase of the applanation depth (approximately 28%), as shown in Figure [S6a](#MOESM1){ref-type="media"}.Figure 7Applanation pressure, IOP~a~, associated with myopia corrections of different D levels at IOPs of 7.5, 15, 22.5, and 45 mmHg: (**a**) RK model, (**b**) PRK model, (**c**) LASIK model, and (**d**) SMILE model.

Discussion {#Sec7}
==========

To maintain the corneal shape with or without refractive surgical procedures, the Bowman membrane and Descemet's membrane provide the major bending rigidity, and they resist bending stresses to prevent concave and convex deformations upon applanation, during which the stresses are transferred from the Bowman's membrane to the Descemet's membrane before and after applanation. High FPS areas were found around the incisions produced by RK (Figure [S2a](#MOESM1){ref-type="media"}), and the stress concentrations resulted in small cracks when the applied stress increased. In the PRK model, the stress concentration was at the superficial stroma and the ablated edge of the Bowman's membrane (Fig. [3b](#Fig3){ref-type="fig"}), and the central cornea was displaced outwards, as shown in Fig. [1b](#Fig1){ref-type="fig"}. In the LASIK and the SMILE models, the ablations and extraction in the stromal layer did not break the stress continuity in the Bowman's membrane, and this is advantageous for these models. However, their potential creak zones were at the edge of the ablation around the Bowman's membrane, as shown in Fig. [3c and d](#Fig3){ref-type="fig"}. Tensional stresses were concentrated on the RK incisions around Descemet's membrane upon eye rubbing. By contrast, the other three models showed stress concentrations near the ablation around the Bowman's membrane (Fig. [4](#Fig4){ref-type="fig"}).

As mentioned, the most crucial structure to maintain the corneal shape and to resist stress is the Bowman's membrane. For the cornea, we investigated the axial rigidity, which refers to the major resistance of a material against tensile deformation. Mathematically, we could further multiply the Young's moduli (*E*) with the thicknesses (*h*) of the Bowman's membrane, stromal layer, and Descemet's membrane, and the corresponding the axial stiffness (*Eh*) values could be derived to be 5.15, 61.44, and 2.34 \[Nt/m\], respectively, for a unit width at IOP = 15 and the stromal *E* is estimated by 128 \[kPa\] (0.3 times of the Bowman's membrane^[@CR28]^). These results indicate that the stromal layer contributed the major rigidity (i.e., approximately 89.1% of the axial rigidity). Numerical validation of the inflation test was shown in Figure [S7a](#MOESM1){ref-type="media"}. We further investigated the bending rigidity, which is the resistance of a material against bending deformation^[@CR49]^. The area moment of inertia is the geometrical property of an area associated with the rotation of an object with stiffness^[@CR50]^. We calculated the area moments of inertia (*I* = *bh* ^3^/12 + *bh* \* *y* ^2^ where *y* is the distance from the inner side of the cornea and *b* = 1) of the Bowman's membrane, stromal layer, and Descemet's membrane, and the calculated values were 2.976 × 10^−12^, 3.97 × 10^−11^, and 5.76 × 10^−16^\[m^4^\], respectively. The neutral axial was assumed to pass through the inner side of the cornea for the applanation condition. In addition, the bending rigidities (*EI*) were 1.28 × 10^−6^, 5.08 × 10^−6^, and 1.12 × 10^−10^\[Nt-m^2^\] respectively; these results also indicate that the Bowman's membrane and Descemet's membrane, as a pair of forces, provided approximately 20% of the rigidity against bending, despite their extremely small thicknesses. A numerical validation of the bending test is illustrated in Figure [S7b](#MOESM1){ref-type="media"}. Figure [S7a](#MOESM1){ref-type="media"} plots the stress-strain curves of our models, which were compatible with Elsheikh's findings^[@CR15]^.

Refractive surgical procedures change the corneal geometry and integrity, break the stress continuity of the corneal structural system, and alter the original equilibrium upon applanation, according to the Goldmann applanation principle. Figure [8](#Fig8){ref-type="fig"} depicts the principle stress directions and free-body diagrams of corneas subjected to PRK and LASIK under applanation conditions; the stresses were obtained from the models in Fig. [2b and c](#Fig2){ref-type="fig"}. The free-body diagrams in Fig. [8a and b](#Fig8){ref-type="fig"} are given by the black dashed lines; they include the edges of the applanation area. The arrows on these dashed lines indicate the internal stresses and their directions. The changes in internal stress directions and tensile stress directions are fitted to free-body diagrams. These stresses in the cross sections of the free-body diagrams are illustrated by the blue arrows in Fig. [8c and d](#Fig8){ref-type="fig"}. Compared with the applanated cornea discussed in next section, the directions of the stresses of the PRK and LASIK models were obliquely downwards and not horizontal. At equilibrium, the vertical components of the stresses contributed the force against the inner pressure (i.e. IOP). Thus, the IOP~a~ was less than the IOP.Figure 8Principal stress directions and free-body diagrams: (**a**) FPS direction of the PRK cornea under applanation; the arrows inside the corneal layers represent the stress directions and values; the inset shows the free-body diagram of the central cornea; (**b**) FPS direction of the LASIK cornea at applanation, and the free-body diagram of the central cornea; (**c**) stress on the cross section of a PRK cornea (blue) and on that of a normal cornea (green, from Fig. [12c](#Fig12){ref-type="fig"}); and (**d**) stress on the cross sections of a LASIK (blue) and a normal cornea (green); (**c**,**d**) the stresses are directed obliquely downwards, reducing the IOP~a~ value.

Figures [9a and b](#Fig9){ref-type="fig"} show the deformation and flattening of the central corneas subjected to PRK and LASIK (intended correction of myopia of 0 and 5D) at an IOP value of 15 mmHg. The deformation and bending areas of PRK and LASIK before and after surgery were similar in the central cornea. However, the corneas subjected to surgery required less pressure (IOP~a~ = 11.6 mmHg for PRK and IOP~a~ = 12 mmHg for LASIK) to reach the central flattening level, consistent with Goldmann's definition. Our FEM simulation results are consistent with the notion that the ablation of the Bowman's membrane and lenticular extraction of the central cornea did cause the cornea to bend and flatten easily upon applanation. Figure [9c and d](#Fig9){ref-type="fig"} reveal deformation and flattening upon applanation in the corneas subjected to PRK and LASIK (1D). Upon applanation, different IOPs induced different bending shapes of the central cornea, wherein a high IOP caused more flattening than did a low IOP. These results indicate that the IOP plays a more crucial role in IOP measurements (IOP~a~) than does the rigidity of the central cornea at low myopia correction by refractive surgery.Figure 9Corneal deformation and flattening upon applanation (**a**) IOP drops from 15 to 11.6 mmHg when the cornea undergone PRK surgery at D = 5; (**b**) IOP drops from 15 to 12 mmHg when the cornea undergone LASIK surgery at D = 5; corneal deformation (D = 1) at applanation with various IOPs for (**c**) the PRK model and for (**d**) the LASIK model.

In conclusion, our FEM models provide a novel analysis of the stress concentrations by focusing on the stress contribution provided by corneal layers. The results reveal the significance of the Bowman's membrane in providing bending rigidity and also reveal the potential creak zones in different layers under refractive surgical procedures. The biomechanical viewpoint indicates that redistributed stresses affect IOP values, and the simulation predicts the postoperative IOP in a conditional manner.

Materials and Methods {#Sec8}
=====================

FEM modelling of a normal cornea {#Sec9}
--------------------------------

In this study, the commercial FEM package Comsol Multiphysics (COMSOL, UK) was used for numerical simulations. A three-dimensional continuum model of the material properties and geometry of corneas, consisting of the six layers of the cornea, namely the epithelium, basement membrane, Bowman's membrane, stroma, Descemet's membrane, and endothelium, has been described previously^[@CR28],[@CR51],[@CR52]^. Based on these studies, the Young's modulus of each layer, the hyperelastic and anisotropic material models based on the Holzapfel constitutive model^[@CR23],[@CR25]^, and the N--T and the I--S fibres^[@CR12],[@CR13],[@CR25],[@CR30]^ were subjected to global analyses (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). Among the six layers of a normal cornea, the Bowman's membrane and Descemet's membrane have higher Young's moduli than the other layers do. Following this modelling, we defined the geometry by the outer corneal radius, 7.4 mm, clamped boundary condition (limbus and its surrounding tissues) at the edge^[@CR20],[@CR27],[@CR30]^, and liquid pressure on the inner surface with 15 mmHg (indicated as IOP), as depicted in Fig. [10a](#Fig10){ref-type="fig"}. The mesh setting of the FEM sequence was of a 'physically controlled mesh' type, and the number of nodes was more than those previously reported^[@CR13],[@CR32],[@CR53]^. Subsequently, we defined the first principal stress (FPS) distribution on the corneal cross section, where the FPS could be used to evaluate the maximum stress combining the normal and shear stresses^[@CR19],[@CR54]^, as illustrated in Fig. [10b](#Fig10){ref-type="fig"}. Based on the data in Fig. [10b](#Fig10){ref-type="fig"}, the inner pressure (i.e. IOP) deforms the central cornea outwards by 295 μm which is close to those reported in previous studies^[@CR21],[@CR37]^, and the maximum stress is at the clamped end (limbus and its surrounding tissues) on both sides. Figure [10c--e](#Fig10){ref-type="fig"} illustrate the stress in the ϕ-, r-, and rϕ-directions, respectively. Because of the anisotropic properties, stresses applied to the cornea are shown in the N--T cross section. The stress $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$ is the tangential tension and represents the hoop stress stretching parallel to the length of the cornea in the layers; $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$ in Bowman's membrane and Descemet's membrane are higher than those in the other layers. The cornea can be regarded as a membrane, in which the ratio of thickness to corneal diameter is small and produces little shear stress, except at the clamped end; therefore, the stress $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{r\varphi }$$\end{document}$ is very small, as illustrated.Table 1Geometrical and material properties of the six corneal layers used in the FEM models.LayersThickness (T) \[μm\]Density \[kg/m^3^\]Poisson's ratioStiffness \[kPa\] at IOP\*\* \[mmHg\]7.51522.545Epithelium531.1490.4921.364.4108.9272.3Basement membrane21.1490.499.729.349.5123.8Bowman's membrane121.1490.49141.94297261815Stroma\*4801.1490.49------------Descemet's121.1490.4964.5195330825Endothelium51.1490.4912.93966165\*Matrix stiffness of stroma is C~1~=5kPa, see Table [2](#Tab2){ref-type="table"}. \*\*Stiffness at zero IOP obtained from study^[@CR28]^. Table 2Material parameters for the anisotropic fibrous material of stroma.*D* \[kPa^−1^\]*C* ~2~ \[kPa\]*K* ~1~ \[kPa\]*K* ~2~*K* ~3~ \[kPa\]*K* ~4~13.3330.0130102.643130102.643\*Holzapfel's constitutive model shown in Eq. (2) of ref.^[@CR13]^ and Eq. (21) of ref.^[@CR23]^. Figure 10Stress distribution in corneas without applanation. (**a**) Schematic of the six layers of the cornea and the clamped end (limbus and its surrounding tissues); (**b**) FPS distribution on a half slice of the central cornea; (**c**) $\documentclass[12pt]{minimal}
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                \begin{document}$$\varphi $$\end{document}$-direction stress distribution, which describes the tensional stress in the meridian direction and high tension is found in both the Bowman's membrane and Descemet's membrane as shown in the inset; (**d**) r-direction stress distribution, which describes the tensional stress in the radial direction and high tension stresses are also found in the Bowman's membrane and Descemet's membrane; and (**e**) r-$\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{r\varphi }$$\end{document}$ indicates that the cornea only undergoes body expansion with less distortion (Unit: mm and kPa).

Validation of FEM model by Goldmann applanation principle {#Sec10}
---------------------------------------------------------

We also applied the Goldmann applanation simulation to validate our FEM model, as described previously^[@CR21],[@CR39]^. According to the principle of Goldmann tonometry, the opposing forces from corneal rigidity and the tear film are equal to and in equilibrium with the IOP, which is also a uniform pressure, to be determined from the applanation force required to flattened an area of the cornea with a 3.06-mm diameter^[@CR46]^. The equilibrium between the IOP and the outer applanation pressure was thus used as a criterion to validate our FEM model, as depicted in Fig. [11a](#Fig11){ref-type="fig"}. Accordingly, Fig. [11b](#Fig11){ref-type="fig"} illustrates the FPS distribution and the flattened surface upon applanation. When the forces were fitted in Elsheikh's studies, the stress and displacement at the central cornea were 25.9 kPa and 274 μm; those theoretical predictions were close to their experimental results, namely 25 kPa and 253 μm^[@CR36],[@CR39]^. Figure [11c](#Fig11){ref-type="fig"} illustrates the stress $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{\varphi }$$\end{document}$, indicating that the stress values become negative (−2.98 kPa) in the central top cornea (compression) and positive in the central bottom cornea (tension); this nonuniform stress represents the bending stress inside these layers. Moreover, the maximum tension is in the peripheral part of the mid-upper cornea. Figure [11d](#Fig11){ref-type="fig"} depicts the stress, $\documentclass[12pt]{minimal}
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                \begin{document}$${\sigma }_{r}$$\end{document}$, indicating that the stress values change from negative (upper-peripheral cornea, force outwards) to positive (bottom cornea, force inwards). Figure [11e](#Fig11){ref-type="fig"} shows the small shear stresses in cornea. We also present free-body diagrams^[@CR55]^ of the applanated cornea to explain the equilibrium of the applied forces, as shown in Fig. [12](#Fig12){ref-type="fig"}. Figure [12a and b](#Fig12){ref-type="fig"} illustrate the two principal stresses and the directions of the normal and the applanated corneas. The inset figures depict the stresses in slices, in which the arrows indicate the stress directions. Figure [12c](#Fig12){ref-type="fig"} depicts the stresses, arising from the principal stresses illustrated in the insets of Fig. [12a and b](#Fig12){ref-type="fig"}. The cross section of the cornea is 1.53 mm in radius; the directions of tensile stresses in the normal cornea are oriented obliquely but those in the applanated cornea are mostly horizontal. Figure [12d](#Fig12){ref-type="fig"} shows free-body diagrams; within the applanation diameter (3.06 mm), the stress vectors in the normal cornea are oblique to the peripheral cornea to counterbalance the IOP. Upon applanation, the stress vectors are extended horizontally when the applanation pressure, IOP~a~, is equal to the IOP.Figure 11Cornea observed upon applanation. (**a**) Schematic of the Goldmann applanation principle; (**b**) FPS distribution on a half slice of the central cornea; (**c**) $\documentclass[12pt]{minimal}
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                \begin{document}$$\varphi $$\end{document}$-direction stress distribution; (**d**) r-direction stress distribution (the insets in both (**c**) and (**d**) indicate that the applanation pressure induced tension and compression in the Bowman's membrane, compared with those in Fig. [10b and c](#Fig10){ref-type="fig"}); and (**e**) low r-$\documentclass[12pt]{minimal}
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                \begin{document}$$\varphi $$\end{document}$ shear stresses, indicating that the corneas had more body expansion (tension area) and contraction (compression area) during applanation (Unit: mm and kPa). Figure 12Principal stress directions and their free-body diagrams. (**a**) and (**b**) FPS direction of a normal cornea obtained from the central cornea of Fig. [10b and b](#Fig10){ref-type="fig"} without and with applanation. The arrows inside the corneal layers represent the stress directions and values (their length). The red and dashed lines represent the edge of the applanation, and it will be the right boundary of the free-body diagram. (**c**) The distribution of these stress arrows along the lines becomes the stress distribution on the cross section of the free-body diagram. (**d**) Free-body diagram of the central cornea with 3.06-mm diameter. The stress distribution along the left cross section is mirrored from the right side because the cornea is axial symmetric. The contribution of the vertical component of the stresses (red arrows) of without applanation balances the vertical components of the IOP stress. The direction of the stresses (blue arrows) of the applanated cornea is almost horizontal; thus, IOP~a~ stresses and IOP stresses balance each other.

FEM model for refractive surgery {#Sec11}
--------------------------------

In the current study, we applied our FEM model to four types of refractive surgery. For RK, four, six, or eight radial incisions were assumed to be made with a diamond knife at 90% corneal depth, with the optical zones ranging from 4.5 to 3.0 mm; these incisions were simulated to correct myopia from 1.0 to 7.0 D, as previously described^[@CR56],[@CR57]^. Because the incisions were not healed and filled with corneal epithelial cells, the rigidity of the cornea undergoing RK were low^[@CR28],[@CR58]^. The FEM model for RK is depicted in Fig. [13a](#Fig13){ref-type="fig"}. For PRK, parts of the stroma and Bowman's membrane were ablated to treat myopia between 1.0 and 12.0 D in the simulation^[@CR59],[@CR60]^. A 50-μm thick epithelial flap was removed; the ablation depth for stromal tissue was 12 μm/D, and the ablation zone had a diameter of 6.0 mm. The FEM model for PRK is illustrated in Fig. [13b](#Fig13){ref-type="fig"}. For LASIK, the first step involved creating a corneal flap, where a microkeratome or femtosecond laser is used to cut through the epithelium and Bowman's membrane to the stroma to a 130--160-μm depth. The exposed corneal stroma was then reshaped using an excimer laser beam to correct myopia. The corneal flap was then placed in its original position, where it self-sealed and acted as a natural bandage^[@CR61]^. In the simulation, the thickness of the flap was 160 μm; the ablation depth was 12 μm/D, with the ablation zone having a diameter of 5.0 mm. Here, the corneal flap was assumed to have sealed spontaneously in the stromal layer, but the periphery of the flap remained unsealed. The FEM model for LASIK is depicted in Fig. [13c](#Fig13){ref-type="fig"}. Finally, for SMILE, the layers of the lenticule were outlined and disrupted using a femtosecond laser, after which the lenticule was extracted using a stripper through a small corneal incision also created using a femtosecond laser^[@CR62]^. In the simulation, the thickness of the 160-μm superficial stromal layer was not ablated with a femtosecond laser. The diameter of the leticule was 5.0 mm, and the thickness of the extracted lenticule was 12 μm/D. The FEM model for SMILE is depicted in Fig. [13d](#Fig13){ref-type="fig"}. In our models, the meshes were composed of more than 0.138 million quadratic full-integration mixed-formulation solid elements. Different degrees of freedom were used to perform the simulations, and the changes of the apical displacements and the apical FPS for different mesh densities tested the quality of these meshes. The results demonstrated that the models were adequate with the aforementioned degrees of freedom (828,578, 717,906, 642,852, 464,395); the relative change of the apical displacement was less than 1.93% and the change of the apical FPS was less than 0.06% as shown on Table [3](#Tab3){ref-type="table"}.Figure 13Simulation models (left) and their mesh volume (right), and the colour legend shows the scale of the mesh size. (**a**) RK, (**b**) PRK, (**c**) LASIK, and (**d**) SMILE (ablations inside the dashed line. Unit: 1 × 10^−4^ mm^3^). Table 3Mesh sensitivity analysis for the changes in the apical displacements and the apical FPS relative to numbers of degrees of freedom.RKNumber of degree of freedom413,432683,791**828,576**1,266,756Linear error1.10E-091.10E-096.90E-106.00E-10Relative cange in apical disp.---3.27%1.78%**1.93%**Relative cange in apical FPS---4.40%0.77%0.05%PRKNumber of degree of freedom231,494363,701**717,906**1,009,708Linear error5.80E-104.50E-103.90E-102.60E-10Relative cange in apical disp.---0.02%0.02%0.08%Relative cange in apical FPS---0.04%0.06%**0.06%**LASIKNumber of degree of freedom309,585464,395**642,852**1,013,765Linear error8.90E-106.30E-102.80E-102.90E-10Relative cange in apical disp.---0.03%0.00%0.10%Relative cange in apical FPS---0.51%0.10%0.05%SMILENumber of degree of freedom253,242405,396**464,395**995,119Linear error7.60E-103.70E-106.30E-103.10E-10Relative cange in apical disp.---0.17%0.10%0.10%Relative cange in apical FPS---0.17%0.19%0.02%
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